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Abstract

CAE analysis is used for research and development in various fields, including the refractories industry.
In this report, we present examples of analyses conducted using the software applications we have
adopted. Two types of analysis software were utilized: thermal analyses of the steel ladle and thermal
stress analyses of heating tests under constraints, which were carried out using Marc, and the flow
analyses of molten steel inside the continuous casting mold and the analyses of the behavior of inclusions
in the tundish, which were carried out using scFLOW. Thermal analyses contribute to carbon neutrality
efforts and the achievement of the Sustainable Development Goals (SDGs), while thermal stress analyses
help estimate the causes of damage and indicate directions for improvement. Analyses of molten steel
flow and inclusion particle behavior can enable one to visualize the flow and motion, leading to improved
quality of clients’ products. We aim to contribute to the further development of refractories by actively

utilizing CAE analyses.

1. Introduction

B

CAE (Computer Aided Engineering) (31960 X 7
A1) A2 F 8 B (National Aeronautics and Space
Administration: NASA)D 7= H (CBEFE S NIz DA A F
VT, BV 7 N7 HAEAEEINIZDE1970
FRDZETH B, 1990FALIEPC, VI DT
DUEENRENICA ELIZCETSTRERBERD

Computer-aided engineering (CAE) development
began in the 1960s for the National Aeronautics
and Space Administration (NASA) and was
commercialized in the 1970s. After the 1990s, the
performance of computer hardware and software
improved dramatically, leading to the widespread
use of CAE in research and development across

* 1 ATHRZTAT 55 1 THERED S5 2= EEMRE  Senior Researcher, Basic Study Sec., Research Dept. No.1, Research Center
* 2 FiThgeRr 55 1 THZRER S5 2HRE =& Chief Manager, Basic Study Sec., Research Dept. No.1, Research Center



Report

No.68 2025

Table 1 List of CAE software owned by our company and simulation cases
CAE Software Simulation cases
Heat transfer analysis Heat loss analysis of the ladle
FEM Marc Stress analysis Reproduction of three-point bending test
Thermal stress analysis Thermal stress analysis of the plate
PHOENICS Single-phase flow analysis | Reproduction of molten steel flow in the mold
CFD SCFLOW Multiphase flow analysis Slag-metal separation in the blast furnace trough
Fluent Particle tracking analysis Inclusion behavior analysis in the tundish

MEBEECEAINDELDICE DL, MAYEFRTE
1980FEN SFIA S NIBHBRERE (Finite Element
Method: BIFFEM) "7 B2 BB DERT, BUBREZE
(Computational Fluid Dynamics: LIRCFD) > ¥z L

I BRIA BRI DIREBHIN S H D D, FEMDBEITIMESE T
I Z(EBRZS5EISV L — NDEESE S BRFEEDES
R EBERITNUOERRICK > THSHIC L, RES”
@FEFDT A Z2 TREEICKBDNANDEBIKRZ 2 7T
HWEIMETIVICTHERELTWLWS, CFDFIAAIE LTIEE
WESNITRIF—EBREMANTED (TILIF R E)HE
ZHH T BRE/ ANDOHAFEREREL TV, Fiz
Hackl5”@9 > 71 v 2IC’RBT HHA Y 7 ZEDEK
EICLDI T 1 v aWBREN BT LKET LR
fEREE®RZE LTV,

Fiz, BEHA—RZa1—MIIILPSDGsDERRH S,
it N APZEFR C(HEEMEE(C K 220 RIS DL TIEEN
(:ETZKE’\J%@:A:éHUEJEWJ%%T—@”:e:b*‘tgi L 2D
LOBEAEIRHELBZSCHVWTHCAEZFRI NG
HEEIERDT 2 2L — 3 (FT0RETH Do

Table 1(CZH#DCAEY 7 MIDWTEIET 5, FEHTIC
FERADY T NI I T7HNETH DN HEETET19855(C
FEMEEHTY 7 N ThDMSCrtOMarceBEA L7zY CFD
[ZDWVWTIF201 28 (CCHAMFE MPHOENICS & 8 A U i
K DFCIRIRET TABNTTER LB Tz, mFEHIC
MSC#t scFLOW, Ansystt FluentzBA L7z & TR
EHLYERKOBENTEES > TV D,

A CTIFCAERNTHI & U CHERDIGEAERYT, 1OSRIIZAE
BRCOEILSEENT, T—I)L RPBIIREIEET, I>T 1 v
2 ARNDONEDZESEN BT 2o

2. MAMDCAEFE

2. 1 (GEVEET - BULTIEENT
B CEASNRSBINNINFE T MY DEFRCH

various fields. For studies on refractories, CAE
began to be used around 1980, and many results
have been reported regarding thermal stress
analyses using the finite element method (FEM)"
and thermal fluid analyses, which are specifically
categorized under computational fluid dynamics
(CFD)*?. As examples of stress analyses, Sugita et al.
demonstrated the relationship between the fixing
method and cracking behavior of SV plates through
experiments and structural analyses®. Uchida
et al. simulated the dependence of the damage
profiles of the converter on lining structures through
calculations using two-dimensional axisymmetric
models®. As examples of CFD studies, Watabe et al.
proposed a designed outlet hole in the submerged
entrance nozzles (SEN) to reduce the adherence
of inclusions®. Hackl et al. reported analyses of
changes in the molten steel flow in the tundish due
to differences in the turbulence inhibitor, along with
validations comparing the results of simulations and
water model examinations”.

Recently, at the point of achievement of carbon
neutral for Sustainable Development Goals (SDGs),
it is required to quantitatively demonstrate the
thermal loss reduction effect of the refractories
products. Utilizing CAE allows us to estimate values
that are difficult to measure directly.

The CAE software applications we are using are
shown in Table 1. The complex analyses require such
sophisticated software. In 1985, we adopted Marc,
a FEM analysis software application developed by
MARC Analysis Research Corporation (currently
known as MSC Software), and began utilizing CAE.
In the case of CFD, we began utilizing PHOENIX,
created by CHAM, for the design of bricks used in
continuous casting in 2012”. Nowadays, we have
newly adopted scFLOW (MSC Software) and Fluent
(Ansys) to reproduce more complex behaviors,
specifically three-dimensional models, multi-phase
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and unsteady states.

In this report, we present examples of analyses,
specifically the heat transfer analysis of the steel
ladle, the thermal stress analysis of the heating test
conducted under constraints, the flow analysis of
molten steel in the molds, and the motion analysis
of inclusion particles in the tundish.

2. CAE Methods for Refractories

2. 1 Thermal and stress analysis

Due to the high temperatures and various stresses
experienced by refractories, thermal analysis,
structural analysis, and thermal stress analysis—
which integrates both thermal and structural
aspects—have been actively studied as valuable
CAE methods for the research and development of
refractories. These analyses are mainly carried out
through FEM. FEM is one of the numerical simulation
methods that makes it possible to solve the
differential equations of complex models by dividing
the simulation object into small elements. We can
obtain deformation, stress, temperature, and other
simulation results by configuring material properties
such as elasticity or thermal conductivity, along with
boundary conditions like external forces or heat. In
the case of stress simulations of refractories, the
deformations are primarily caused by thermal stress;
therefore, analyses are conducted using the results
of previously performed thermal analyses as the
conditions.

In Chapter 3, we will present the results of thermal
simulations for the steel ladle and thermal stress
simulations of the heating test conducted under
constraints, using Marc, the FEM simulation software
application, as examples.

2. 2 Fluid analysis

Visualization of flow is one of the most regarded
topics since some kinds of the refractories deal with
high temperature fluid such as molten steel and
optimization of the shape design of the refractories
leads to improvements in the quality of steel
products. For unsteady state simulations, huge
computer systems were required therefore the fluid
analysis have had limited use due to cost factors.
However, with the recent remarkable advances in
computer technology, it has become possible to
perform CFD analyses with standard workstation
PCs and so utilization of CFD is developing.

CFD also provides simulation by dividing the
object into elements and solving the relational
equations among elements. There are various
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methods to discretize the model, for example,
finite difference method, finite volume method, and
particle hydrodynamics method, and it is necessary
to choose the method that is suitable for the
simulating phenomena.

In chapter 4, we present the results of flow
simulations in the mold for continuous casting and
motion simulations of inclusion particles in the
tundish as examples of simulations conducted using
scFLOW, CFD simulation software application.

Cover

Wear lining (SL)
Wear lining (ML)
Perma lining

L
Insulator 3. Examples of Thermal and Stress

Steel shell Analysis

3. 1 Thermal analysis of steel ladle

In this section, we present the thermal simulation
Fig. 1 Model of 70 t ladle for thermal simulation. assuming the steel ladle in the electric arc furnace
(EAF) based steel mill. In the EAF based steel mill,
molten steel produced by EAF is inserted into the
steel ladle and sent to the casting process after the
refining process. The heat loss while the molten steel
is in the steel ladle accounts for a significant portion

Transporting Transporting
Pre-heating _ . 15min _ Refining_1>Min  casting
600 min > Tapping > 60 min >60min T %

1000C

Fig. 2 Schematic image of ladle operation cycle for thermal simulation.

Table 2 Material properties of ML bricks for thermal 1700 — T
simulation —— AMC br|§k§ lining
O ——— ALTIMA lining
. < 1650
AMC brick ALTIMA 3 \
£
N 200°C 14 4.4 g
Therma\/lvc?r?]rjl(?llgft|V|ty/ 600 °C 12 37 g 1600 -_—J 8Eo S0
800°C 12 3.4 i 2133s SR
: g 81823 tiq
200°C 1.0 1.0 5 150rS iy o "
Specific ﬁfgf_i?pac'ty /| 600C 13 12 = Rigo k-
80 ¢ 2 2 1500 0 3Io 6IO 90 1I20 150
Bulk density / kg-m™ 3.3%x10° 3.4x%10° Time / min

Fig. 3 Simulation results of average molten
steel temperature variation during ladle
operation cycle.



No.68 2025

Report

TNADDALTIMAPICEE LI IBE DR EIT o7,
T2 al—YarvIERUENADDENEREZ Table 2
[CTo B, RATTTANCEITZIT7-—RVE
KARWICEFTILZF-2 ) HBONALEFEZ ZNEN
HECTHEALUL, StERHE LU TSRTBOBRE T 10
L &Fig2I2Rd . LFICEL D 2 EHEISREMECLT
1650Cx Bz IR T 2RHZREEBETSZ, <D
BRICHEBEBBRAREELER U,

SMEH SHERT F TOBMEEREZE{LZFig.3(C
T 9. Table 2TRUEZ KD ICALTIMADEMGESR (FAMC
DKI/ATH 2. MMBAEDBLWNANZEMT 2 & TE
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3. 2 HIERHIF T DEGL T

RICEIL IR OB & LT, AR TIIRIC KL 28RE
'S VDT ERT . EPERICHVT, TEAYIFEEP
DB (K > THRSNIRETIER SN, REBICEG
TIPEL D, IGHMBEICR S TZIBEICBREBEIC DN
BN, IRAODAEPHTEDEREN, FENE(LIFEMT,
FLERNICHRIT 5 EEFH LV, KIETE, EFzE
UTeRFCONIBGRZEMmL, KB THRELUICBH,
EIHHORERICDOVWTY I al—YarafHULEERE

of the total losses in the whole process. Therefore, it
is important to optimize the heat insulation design of
the steel ladle to achieve the SDGs. We calculated
the effect of switching the metal line material to the
bricks with low thermal conductivity and presented
the results in terms of energy consumption and CO.
emission.

The model for thermal simulation is shown in
Fig. 1. The schematic model of the 70 t steel ladle,
assumed to be used in the EAF based steel mill,
was prepared for the simulation. In the simulation,
a comparison was made between the case where
the material of the metal line was changed from
carbon-containing  high  thermal  conductivity
alumina-magnesia-carbon (AMC) bricks to carbon-
free low thermal conductivity alumina-magnesia
bricks named ALTIMA™™. The thermal properties
of these bricks are shown in Table 1. In addition,
magnesia-carbon bricks and alumina-silica bricks
were respectively applied to the slag line and
permanent lining of each model. A schematic image
of the ladle operation cycle for thermal simulation is
shown in Fig. 2. The condition of heating the molten
steel up to 1650 C as temperature compensation
was configured, and we evaluated the results by
comparing the heat consumption required for this
heating operation.

Fig. 3 shows the simulated temperature change
of molten steel from the insertion of molten steel
to the completion of casting. As shown in Table 2,
the thermal conductivity of ALTIMA is 25 % of the
value of AMC. The effect of the application of the
low thermal conductivity bricks in reducing the
temperature drop of the molten steel was visualized.
The breakdowns of simulated heat consumption in
temperature compensation process are shown in

5000
Others

4000

3000

2000

1000

Energy consumption for
temp. compensation / kWh

W Heat dissiption from melt surface
W Heating of steel
B Contact heat transfer to lining

Equivalent to 0.56 t
of CO; emission

AMC bricks lining

ALTIMA lining

Fig. 4 Simulated energy consumption and equivalent reduction in CO.
emission during temperature compensation in LF process.



Report

No.68 2025

Efte L7zo

Fig SICEBEBOBANEZRT . HEAICNANZM
FCHELIULNADBLEDOE W EWVICE > THRULKET
NEZNET 5. NADDEERZEICKEBBROFER
ZHER I DREL B D TWD,

HBRENANHBOMEZFig.6(0RT . RHEWRIES
EUTKEBBHORENRO SNz, COERBROE
£2& U CFEMIRITIC K 2 REI N DIRE T o 7, Fig.7(C
RATET )L, Table 3ICETICEER LIzNADDEBIFE
ZRY. BN EFMALIENADN T RIDETILE
L., BREGE L TAEZRRT 2RESRMG. L TAE0
W\RE U THEDET ZRE LT,

Fig. BICNANMIEICH T DRAEIRSIDNT N
Znd o MEERAINERIC_E ADoK SN DL
THYRBTEOSNIZBRDERE B>l EHHERISN
%0 IGADABEHS, NEAEH SBEICEITTEBRMER
TBHEERON, RRE—HTDFETBERINEON, B
MRFDERFEE LT L IMAAOHAREGEZZELSE
SEDEREFIgIIRT . NADWIBDS| 2R BFH
T TOWREEICEKET D ENREIN, AEEROEHS
BOIRAFE VS (CBRNFEET BOREMEARE SN,

Heaters

Shell (water cooling)

Insulating bricks

Sample bricks

Fig. 5 Schematic image of facility for heating test
under constraint.

%

Constraining o

Symmetry axis

Half of sample bricks

Fig. 7 Model for structural simulation of heating

test under constraint.

. Rigid Surface

Fig. 4. By replacing the bricks, the heat transfer to
the lining was mainly reduced and the heat loss was
reduced by a total of 40 %. Moreover, the reduced
amount of CO., emitted by raising the temperature
was also presented. The CO. emissions were
estimated based on the electrical power calculated
under the assumption of the arc heating efficiency
of 85 %' and the coefficients indicated by Japanese
Ministry of the Environment'™.

In summary, numerical thermal simulation
can present quantitative estimation of energy
consumption and be utilized as a benchmark for
activity to achieve SDGs or carbon neutral.

3. 2 Stress analysis of heating test under
constraints

In this section, we present the analysis of cracking
tests under constrained heating conditions'®" as
examples of thermal stress analysis. In actual use,
refractories are constrained by outer shell or other
surrounding structures while being heated, therefore
thermal stress occurs in the refractories. Excessive
stress causes cracking in the refractories, however,
the spatial and temporal variations in the direction
and magnitude of stress are complex and difficult to

Fig. 6 Cross-sectional image of specimen after
heating test under constraint.

Table 3 Material properties of sample
brick for structural simulation
of heating test

Bulk density / kg'm? 3.2%x10°

Thermal expansion (1000 C) / % 0.7

Modulus of elasticity (1000 C) / GPa 30
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Fig. 8 Simulated distribution of maximum principal stress in cross section of sample for constraint heating test.
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Fig. 9 Variation of simulated tensile stress in
sample brick with changing constraining
load.
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observe experimentally. We will discuss the causes
of cracks and stresses observed in the experiments,
utilizing numerical simulations of the heating tests
conducted under conditions that replicate actual
furnace conditions.

A schematic image of the experimental furnace is
shown in Fig. 5. The sample bricks are constrained
by being tightly arranged in a circle inside the
cylindrical steel shell, and the inner surface is heated
by the electric heaters.

A cross section of one of the bricks after the
heating test is shown in Fig. 6. A characteristic crack
that propagated in the horizontal direction was
found. We carried out thermal stress simulations
to analyze these results. The model and thermal
properties of the sample brick for simulations are
shown in Fig. 7 and Table 3 respectively. The model
was created using periodic symmetry for the range
of one brick, which was defined as two halves of a
prick. As the boundary conditions, the heat transfer
on the inner and outer surfaces and the external
load on the top surface constraining in the vertical
direction were configured.

Fig. 8 shows the simulated vector distribution of
the minimum principal value of stress on the cross
section of the brick. There was tensile stress inside
of the brick near the heated surface, and this stress
was considered to cause the crack found on the
sample brick after the experiment. The direction
of the stress indicated that the crack would
propagate from the heated side to the back side,
and this simulation result was consistent with the
experimental results. The results of the simulations
carried out with changing the constraining load to
investigate the factor of cracking are shown in Fig. 9.
The stress distributed within the brick depended
on the constraining load, and it was suggested that
cracking can occur if the constraints in the axial
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Fig. 10 Model for mold analysis.
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Fig. 11 Velocity distribution in mold.
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Fig. 12 Comparison of meniscus velocity.

direction of the cylindrical shape were insufficient.

Thermal stress analyses allow us to estimate the
effects of material properties or conditions that
are difficult to evaluate experimentally and provide
suggestions for anticipating damage factors or
implementing measures to improve materials and
structures.

4. Examples of CFD Analysis

4. 1 Flow analysis of molten steel in mold

In this section, we present the results of the
molten steel flow analyses in the continuous
casting mold with different shapes of SEN. The flow
of molten steel in the mold is crucial for ensuring
the stable quality of steel products. The required
flow of molten steel varies depending on the type
of steel and the casting conditions; therefore, the
shape of the SEN is designed to be optimized for the
operational conditions™. Generally, the designs of
SEN have been evaluated through water model tests
at actual scale; however, it has been challenging to
conduct a variety of shapes due to the significant
time and cost required to create the test SENSs,
as well as the considerable labor involved in the
experiments. In this study, we conducted unsteady
flow simulations using two different SEN shapes
and compared the time dependence of the flow
velocity at the surface of molten steel (i.e., meniscus
velocity). The two SENs were identified as shape 1
and shape 2, with shape 2 featuring a larger angle
for its downward-facing outlet port, resulting in a
more downward flow.

The model for simulating the flow of molten steel
in the mold is shown in Fig. 10. The upper end of the
SEN bore was set as the inlet and configured with the
throughput as the boundary condition. The bottom
section of the mold was set as the outlet, where a
flow rate was set to be equal to that of the inlet, so
that the conditions of the actual casting could be
reproduced. The contour plots of the simulated flow
velocity results are shown in Fig. 11. The simulated
results can be shown as animations, allowing for
the visualization of the time-dependent changes
in the flow. The numerical data of time-dependent
changes in the meniscus velocities are shown in
Fig. 12. The average velocity of both models was
nearly the same at 0.3m-s', with no significant
differences observed. However, when comparing
the variation of velocity, it was found that shape 1
showed a larger fluctuation in flow velocity. On the
other hand, it was suggested that shape 2 allows for
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Fig. 13 Model for tundish analysis.

a more constant flow velocity and enables a more
stable flow within the mold.

In conclusion, CFD allows for the evaluation of SEN
design under conditions that reproduce the actual
machine and enables the comparison of various
conditions. Moreover, unsteady state simulations
make it possible to visualize the time-dependent
changes in flow fluctuations.

4. 2 Motion analysis of inclusions in tundish

In this section, as examples of the particle tracking
method, we present the analyses of the tundish. The
particle tracking method is a type of CFD analysis
that is widely used for the analysis of multiphase
flow. The tundish is the vessel where molten steel
is placed before being poured into the molds in
continuous casting machines. As one of the functions
of the tundish, the removal of inclusions from molten
steel can be mentioned. The importance of allowing
inclusions to float by ensuring sufficient retaining
time and improving the efficiency of their removal
by constructing turbulence inhibitors or weirs”
has been considered. In this study, we present the
results of the simulations comparing the effects of
weir position on the quantity of inclusion particles
flowing into the casting mold.

Fig. 13 shows one of the models for the
simulations. The model shown in the figure was
identified as No. 1. The positions of the weir for
the other models were shifted from that of No. 1
toward the outlet side: the weir for model No. 2 was
moved 600 mm, and for model No. 3, it was moved
1200 mm. At first, we conducted molten steel
flow simulations inside the tundish. After the flow
became steady, particles simulating inclusions were
introduced into the tundish from the inlet on the
ladle shroud, and particle tracking was initiated. The
configured particle conditions are shown in Table 4.

Y

Table 4 Condition of particles

Bulk density / kg'm* 2.5x10°
Particle size /um 30
Number of inflow particles 100
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Fig. 14 Contours of velocity magnitude in x-z plane.
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The results were evaluated based on the count of
particles outflowing in 500 s from the outlets set on
the bottom of the models, which simulate the upper
nozzle in the actual machine.

The results of the molten steel flow simulations
conducted initially are shown in Fig. 14 as contour
plots of flow velocity. When the weir was closer to
the ladle shroud, the flow velocity around the weir
and the flow directed towards the outlet tended to
be faster. If it was assumed that the particles follow
the fast flow, the number of outflowing particles
was expected to be greater in the order of No. 1,
No. 2, and No. 3. Next, Fig. 15 shows the number of
outflowing particles in the time span of 500 s during
the particle tracking simulations. In the first half
of the simulations (until 250 s), the results did not
depend on the weir position. However, in the latter
half (250-500 s), the number of outflowing particles
in No. 2 was reduced compared to No. 1 and No. 3,
resulting in the smallest total number of outflowing
particles in No. 2. The positions and trajectories of
the particles at 500 s are shown in Fig. 16. Focusing
on the downstream areas of the weir for each
model, fewer particle trajectories were observed
at the bottom of the model and around the tip of
the stopper in the No. 2 result, compared to those
in No. 1 and No. 3. From these results, it can be
inferred that the fluid flow and the particle motion
do not always correspond with each other.

As demonstrated in these examples, it is possible
to evaluate and compare the microscopic particle
motions utilizing the particle tracking method, which
is difficult to achieve with the flow analysis alone.
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Fig. 16 Trajectory of particles after 500 s.
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This approach can contribute to ensuring stable
quality of clients” products.

5. Conclusion

In this report, we have presented recent examples
of CAE utilizations in our work. CAE can be utilized
not only to improve the durability of refractories
and the quality of steel but also to investigate the
factors behind various occurrences. Additionally,
it is effective for assessing carbon neutrality and
achieving the SDGs. The importance of CAE analysis
is expected to increase further in the research
of refractories. We aim to actively utilize CAE in
order to contribute to the further development of
refractories.
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